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Abstract 
The diversity of geochemical types of CO2-bearing waters in crystalline massifs of similar mineralogical and petrogra-
phic composition in water–rock systems is due to the influence of the following physicochemical parameters: chloride 
type - mainly high Rock/Water mass ratio (R/W); carbonate type - joint action of low Rock/Water mass ratio (R/W) and high 
CO2 partial pressure (PCO2); sulfate type - joint action of high Rock/Water mass ratio (R/W), CO2 partial pressure (PCO2), and 
temperature. 
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1. Introduction 
 
Hydrogeochemical processes are controlled by the physicochemical parameters affecting water–rock–
gas systems. The following parameters (boundary conditions) are critical in natural hydrogeological 
settings: the mass proportion of interacting rock and water (R/W), the permeability of hydrogeochemical 
systems with respect to CO2 and O2, the chemical and mineral composition of rocks, and temperature–
pressure conditions [1].  
Despite the relatively uniform silicate composition of rocks in crystalline massifs, they give rise to 
diverse geochemical types of cold and thermal CO2-bearing waters. Such a diversity is especially 
characteristic of structures from the Alpine tectonomagmatic zone, where CO2-rich Na–HCO3 (referred to 
as soda) waters are most abundant, CO2-bearing Na–Cl–HCO3 and Na–HCO3–Cl (saline alkaline) waters 
are common, and CO2-bearing Na–SO4–HCO3 (glauberite-type) waters occasionally occur. Chloride, 
sulfate, and carbonate geochemical types are the deepest representatives of the vertical geochemical zoning 
of CO2-bearing waters. 
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The analysis of hydrogeological, hydrodynamic, and geothermal conditions of the formation of CO2-
bearing waters in crystalline shields has shown that the set of their formation parameters is rather limited: (a) 
the mass ratio of interacting rocks and ground waters (R/W), which increases with increasing depth of 
groundwater occurrence in hydrogeological structures, decreasing intensity of water exchange, and 
increasing duration of water– mineral interaction; (b) CO2 partial pressure affecting the concentrations of 
CO2 and HCO3 in groundwaters; and (c) temperature, which is controlled by the geothermal state of the 
interior or its geothermal history.  
 
2. Types of zoning 
 
Chloride-type zoning involves a regular vertical transformation of CO2-bearing waters with increasing 
salinity in the following sequence: Ca–HCO3 → Na–HCO3 → Na–HCO3–Cl → Na–Cl–HCO3. The Cl 
concentration in waters from the deep geochemical zones increases up to several grams per liter. This is the 
most widespread type of the vertical zoning of CO2-bearing waters in the areas of Alpine tectonomagmatic 
activity. 
Sulfate-type zoning is represented by the following sequence: Ca–HCO3 → Na–HCO3 → Na–HCO3–
SO4 → Na–SO4–HCO3 → Na–SO4–HCO3–Cl. Typical occurrences are only observed in some structures of 
the Czech Massif (Karlovy Vary, Marianske Lazne, and others) and some massifs of the Lesser Caucasus 
(Dzhermuk, Nizhnee, Isti Su, and others). The concentration of SO4 in the sulfate richest waters is up to 2–3 
g/L. In many cases, a similar zoning is formed in hydrogeological structures with elevated geothermal 
gradients, and sulfate richest varieties are thermal to a varying extent. 
Carbonate-type zoning is made up of two units, Ca– HCO3 → Na–HCO3, but shows a strong increase in 
HCO3 concentration reaching 10 g/L and more at very low Cl and SO4 concentrations. Classic examples of 
this type of zoning are known in some structures of the Czech Massif (Louny) and the French Massif 
Central (Vichy and others). 
The direction of the geochemical evolution of CO2-bearing waters in the above types of vertical zoning 
is clearly seen in the Hardie–Eugster diagram 2m Ca2+ versus Σm HCO3– + 2m CO32 – (Fig.1). This diagram 
exhibits regular distribution of different geochemical types of CO2-bearing waters. 
 
 
Fig.1. Various geochemical types of CO-2 rich waters from 
crystalline massifs in the Hardie–Eugster diagram (concentrations 
of components higher than 10% equiv. are taken into account). 
Types of CO2- bearing waters: (1) Ca–HCO3, (2) Na–HCO3, (3) 
Na–Cl–HCO3 and Na–HCO3–Cl, and (4) Na–SO4–HCO3 and Na–
HCO3–SO4; (5) equiline −+ =
3
2 HCOCa
2 mm ; (6) directions of an 
increase in (I) Cl and SO42- and (II) HCO3- concentrations, and (7) 
lines separating the compositions of sulfate- and chloride-type 
waters. 
 
Isotopic investigations indicated a meteoric infiltration 
source for H2O in CO2-bearing cold and thermal waters from 
crystalline massifs: δ18O and δD approach – (9–10‰) and –
70‰, respectively. There is no evidence for the presence of endogenous (mantle or magmatic) H2O. 
Isotopic data suggests that CO2 from the deep parts of crystalline massifs in the zone of Alpine 
tectonomagmatic activity usually has an endogenous source, although different origins are also possible. 
The modeling of the equilibrium state of closed water–rock systems at temperatures and pressures of deep 
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crustal levels (300–600°C and 1–4 kbar) showed that their CO2 contents correspond to CO2 partial 
pressures of 100.5–102.5 bar [2]. Hence, there is no need to invoke an endogenous magmatic source for CO2. 
 
3. Influence of different physico-chemical parameters 
 
Influence of variations in the mass proportion of interacting rock and water (R/W). The analysis of data in Fig. 2 
shows that an increase in R/W results in a significant increase in the bulk salinity of the aqueous phase and 
its chloride and sulfate concentrations (n × 102 g/L). Among the anions, the maximum enrichment at 
increasing R/W is characteristic of Cl, and the R/W value affects its concentration much more strongly 
than other boundary conditions. Therefore, independent of CO2 concentration in ground waters and 
temperature, their movement into the deep zones of crystalline massifs and high R/W (a decrease in geodynamic 
activity) will always result in an increase in chloride concentration. The concentration of components in aqueous 
solutions owing to the formation of hydrous silicates plays an important role.   
 
 
Fig.2. Hardie–Eugster diagram for the compositions of the aqueous 
phase of the water–granite system. (1) The line connecting 
compositions at constant R/W values of 1, 10, 50, and 100; (2) the 
direction of an increase in SO42- and Cl- concentrations in aqueous 
solutions (I); (3) direction of an increase in HCO3 concentration in 
aqueous solutions (II); (4) equiline 
−+ =
3
2 HCOCa
2 mm ;and (5) 
characteristics of compositions: R/W in the numerator and 
logPCO2 in the denominator. 
 
 
Influence of CO2 partial pressure. The modeling of water–
rock interaction showed that the opening of a 
hydrogeochemical system to CO2 always leads to the 
formation of sodic waters of various anionic compositions (Fig. 2); it can be seen that the higher the PCO2 
value in the system, the stronger the shift of the composition of the resulting solutions toward high HCO3 
concentrations and the higher the probability of formation of pure Na–HCO3 solutions. So the condition for 
the formation of carbonate CO2-bearing waters is a combination of low R/W (less chloride) and high PCO2. At high 
PCO2, the results obtained at different R/W values converge (in the upper left of Fig. 2, the compositional 
points become closely spaced at high PCO2). This implies the dominance of high PCO2 in the R/W–PCO2 
system and a decline in the effect of R/W values at high PCO2.  
 
The influence of temperature is similar to that of R/W, but it is stronger and more distinct. With increasing 
temperature, the effect of R/W and PCO2 on the concentration of SO4 becomes much stronger than on the 
concentrations of Cl and HCO3. The reason is obvious: Cl concentration remains almost constant with 
increasing temperature, and HCO3 concentration, in contrast to SO4 it cannot be high in high-temperature 
aqueous solutions. The accumulation of SO4 requires a simultaneous increase in R/W, PCO2, and 
temperature. Thus, the formation of CO2-bearing sulfate thermal waters is a consequence of the extensive alteration 
of the host rocks at a temperature increase up to 70–100°C at high PCO2 and R/W. 
At the higher temperatures 70–100°C, a redox transformation of sulfate sulfur to sulfide sulfur takes 
place in a weakly alkaline medium. As a result, Eh decreases abruptly from –200 to –500 mV near 100°C, 
and pyrite appears in the equilibrium mineral assemblage. 
The formation of chloride waters requires very simple conditions. It is a function of R/W only, i.e., the 
character of rock fracturing (porosity), hydrodynamic activity of structures, and duration of generation of 
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CO2-bearing waters in them. High PCO2 values provide the possibility of the formation of Na–HCO3–Cl 
waters, and a decrease in PCO2 at increasing R/W is favorable for the formation of chloride richer waters of 
the Na–Cl–HCO3 type. Thus, the formation of CO2-bearing chloride waters in crystalline massifs does not 
require invoking external sources from adjoining halide sequences and modern or paleomarine basins, 
although the influence of such concentrated Cl sources may be geochemically significant in certain 
hydrogeological settings.  
Finally, the formation of CO2-bearing sulfate waters without a contribution from sulfide and sulfate 
mineralization requires complex and multifactor coupling of hydrogeological conditions. They can 
develop at a combination of high R/W (high degree of water–rock interaction) and high temperatures 
providing CO2 input. Such a combination of favorable conditions occurs only in some structures of Alpine 
tectonomagmatic activity showing either great depths of formation of CO2-bearing waters or high 
geothermal gradients (Czech Massif and some structures in the Lesser Caucasus).  
 
4. Results and discussion 
 
The results of our modeling elucidate hydrogeological reasons for the formation of different types of 
geochemical zoning of CO2-bearing waters in crystalline massifs. Chloride-type zoning is formed in 
response to an R/W increase in water–rock systems. This corresponds to an increase in the depth of 
formation of CO2-bearing waters in hydrogeological structures and a decrease in their hydrodynamic 
activity accompanying weak (Na–Cl waters) or potent (Na–HCO3–Cl waters) CO2 sources. The 
temperature factor is not very important in such a case. Indeed, CO2-bearing waters usually show low (less 
than 25°C) temperatures for these types of zoning, although they may be thermal to a varying degree in 
regions with high geothermal gradients (Isti Su and Bagyrsakh in the Lesser Caucasus and thermal systems 
of modern magmatic centers). 
Carbonate-type zoning is formed in hydrodynamically active hydrogeological structures at low R/W 
and intense CO2 sources (high PCO2). Finally, the less common sulfate type of the geochemical zoning of 
CO2-bearing waters is due to several factors. In addition to an increase in R/W and PCO2, this type of zoning 
requires the influence of the temperature factor. Thus, the set of hydrogeological conditions necessary for 
the development of this type of zoning includes an increase in the formation depth of CO2-bearing waters 
in geologic structures, a decrease in the hydrodynamic activity of these structures, intense CO2 flux, and 
high geothermal gradient. Indeed, the highest temperature CO2-bearing waters often show pronounced 
sulfate or bicarbonate– sulfate compositions (classic examples are the springs of Karlovy Vary in the Czech 
Massif and Dzhermuk and N. Isti Su in the Lesser Caucasus). 
 
5. Conclusion 
 
The diversity of the geochemical types of CO2-bearing waters in crystalline massifs of similar 
mineralogical and petrographic composition is generated in water–rock systems owing to the influence of 
the following physicochemical parameters (boundary conditions): chloride type, high R/W; carbonate type, 
low R/W and high PCO2; and sulfate type, high R/W, PCO2, and temperature. 
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